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Abstract
We investigate, in the framework of open quantum systems, the entanglement dynamics of two
circularly accelerated two-level atoms with the same centripetal acceleration interacting with a
bath of fluctuating electromagnetic fields in the Minkowski vacuum. We assume that the two
atoms rotate synchronically with their separation perpendicular to the rotating plane, and study
the entanglement degradation, creation, revival, and enhancement by solving the Markovian master
equation. In contrast to the scalar-field case, the entanglement dynamics is crucially dependent on
the atomic polarizations in the sense that the polarization directions may affect the entanglement
decay rate, and may determine the occurrences of entanglement creation, revival and enhancement.
Compared with the uniformly accelerated case and the thermal case, the decay rate of entanglement
for circularly accelerated atoms is larger, while the revival and enhancement rates are smaller.
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I. INTRODUCTION
Quantum entanglement is one of the most important concepts in quantum theory, and
plays a key role in novel technologies based on quantum effects, such as quantum information
and quantum computation [1, 2]. However, quantum entanglement may be ruined due to
the unavoidable interaction between the quantum system and its environment, which is one
of the main challenges in the realization of quantum information technologies. In particular,
it has been found that the entanglement between a pair of atoms can completely disappear
within a finite period of time, which is referred to as entanglement sudden death [3, 4].
However, entanglement may also be generated between a pair of initially separable atoms
placed in a common bath via indirect interactions induced by the common bath [5–16]. For
two atoms in a thermal bath with a nonvanishing separation, entanglement generation only
happens in certain circumstances, but entanglement sudden death is a general feature [16].
Also, the destroyed entanglement may be recreated, known as entanglement revival [17].
In the Minkowski vacuum, a uniformly accelerated observer measures a temperature
proportional to its acceleration, which is the well-known Unruh effect [18]. Therefore, it is of
interest to investigate the entanglement dynamics between accelerating atoms, and compare
the results with those in a thermal bath at the Unruh temperature. Recently, Benatti
and Floreanini studied the entanglement creation between two uniformly accelerated atoms
with vanishing separation coupled with a bath of fluctuating scalar fields in the Minkowski
vacuum, and found that the asymptotic entangled state is the same as that in a thermal
bath at the Unruh temperature, thus verifying the Unruh effect from a new perspective
[19]. This work is further extended to the case of two accelerating atoms near a reflecting
boundary in Ref. [20], in which it is shown that the conditions for entanglement generation
are not exactly the same as those in a thermal bath [21]. The above-mentioned Refs. [19–21]
investigate either the conditions of entanglement generation in the beginning of evolution or
the late equilibrium state. Since entanglement generation may not happen at the beginning
of evolution but shows a delayed feature, see e.g. Ref. [14], and the entanglement generated
during evolution or prepared at the beginning may be destroyed, a systematic investigation
of the whole evolution process is necessary. At this point, we note that the entanglement
evolution for accelerating atoms has recently been studied in Refs. [22–27].
Usually, the Unruh effect is concerned with linearly accelerated observers. However, it is
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also interesting to study the case of circular motion since here a large acceleration, which is
necessary to observe the Unruh effect, is easier to achieve experimentally. The quantization
of scalar fields in rotating frames was first investigated by Letaw and Pfautch [28]. An es-
sential difference between circular and linear accelerations is that the radiation perceived by
a circularly orbiting observer is nonthermal [29–34], so it is also worth investigating the en-
tanglement dynamics of circularly accelerated atoms. In Ref. [35], we studied the dynamics
of quantum entanglement and quantum discord of two circularly accelerated two-level atoms
coupled with a bath of fluctuating massless scalar fields in the Minkowski vacuum. However,
two-level atoms coupled with a bath of fluctuating scalar fields is somewhat a toy model,
and a more realistic model of the environment would be a bath of fluctuating vacuum elec-
tromagnetic fields. In this paper, we plan to investigate the entanglement dynamics of two
mutually independent circularly accelerated two-level atoms rotating synchronically with
their separation perpendicular to the rotating plane, and compare the results with those of
uniformly accelerated atoms, and static ones immersed in a thermal bath at the Unruh tem-
perature. In particular, we focus on the effect of atomic polarization on the entanglement
dynamics, which is absent in the scalar-field case.
II. BASIC FORMALISM
We consider a system with two circularly accelerated atoms weakly coupled to a bath of
fluctuating electromagnetic fields in the Minkowski vacuum. The Hamiltonian of the whole
system can be written as
H = HA +HF +HI . (1)
Here HA denotes the Hamiltonian of the two-atom system,
HA =
ω
2
σ
(1)
3 +
ω
2
σ
(2)
3 , (2)
where σ
(1)
i = σi ⊗ σ0, σ(2)i = σ0 ⊗ σi, with σi (i = 1, 2, 3) being the Pauli matrices, σ0
being the 2 × 2 unit matrix, and ω being the energy-level spacing of the atoms. HF is the
Hamiltonian of the electromagnetic fields of which the explicit expression is unnecessary
here. HI is the dipole interaction between the atoms and the fluctuating electromagnetic
fields, which can be written as
HI = −D(1)(τ) · E[x(1)(τ)]−D(2)(τ) · E[x(2)(τ)], (3)
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where D(α)(τ) (α = 1, 2) is the electric-dipole moment operator of the αth atom, and
E[xα(τ)] is the electric-field strength.
For simplicity, we assume that initially the two atoms are decoupled from the quantum
electromagnetic fields, ρtot(0) = ρ(0) ⊗ ρf (0), where ρ(0) represents the initial state of the
atoms and ρf (0) is the Minkowski vacuum state of the electromagnetic fields. The density
matrix of the total system satisfies the Liouville equation
∂ρtot(τ)
∂τ
= −i[H, ρtot(τ)]. (4)
Define
A(α)(ω) ≡ A(α) = d(α)σ−e−iωτ , A(α)(−ω) ≡ A(α)† = d(α)∗σ+eiωτ , (5)
where d(α) = 〈0|D(α)|1〉 is the transition matrix element of the dipole operator. Under the
Born-Markov approximation, the reduced density matrix of the two-atom system ρ(τ) =
TrF [ρtot(τ)] satisfies the Kossakowskl-Lindblad master equation [36–38],
∂ρ(τ)
∂τ
= −i[Heff , ρ(τ)]+D[ρ(τ)] (6)
where
Heff = HA − i
2
2∑
α,β=1
3∑
i,j=1
H
(αβ)
ij σ
(α)
i σ
(β)
j , (7)
and
D[ρ(τ)] = 1
2
2∑
α,β=1
3∑
i,j
C
(αβ)
ij [2σ
(β)
j ρσ
(α)
i − σ(α)i σ(β)j ρ− ρσ(α)i σ(β)j ]. (8)
Introducing the Fourier transform of the two-point function 〈0|Em(τ,xα)En(τ ′,xβ)|0〉
G(αβ)mn (ω) =
∫ ∞
−∞
du eiωu〈0|Em(τ,xα)En(τ ′,xβ)|0〉, (9)
where u = τ − τ ′, the coefficient matrix C(αβ)ij can be expressed as
C
(αβ)
ij = A
(αβ)δij − iB(αβ)ijkδ3k − A(αβ)δ3iδ3j, (10)
where
A(αβ) =
1
4
[G(αβ)(ω) + G(αβ)(−ω)], B(αβ) = 1
4
[G(αβ)(ω)− G(αβ)(−ω)], (11)
with
G(αβ)(ω) =
3∑
m,n=1
d(α)∗m d
(β)
n G(αβ)mn (ω). (12)
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Similarly, H
(αβ)
ij (ω) can be derived by replacing G(αβ)mn (ω) in Eq. (12) with
K(αβ)mn (ω) =
P
pii
∫ ∞
−∞
dλ
G(αβ)mn (λ)
λ− ω , (13)
where P represents the principal value.
III. ENTANGLEMENT DYNAMICS OF TWO CIRCULARLY ACCELERATED
ATOMS
We assume that the two atoms rotate synchronically with a separation L perpendicular
to the rotating plane, so the trajectories of the two atoms can be described, respectively, as
t1(τ) = γτ, x1(τ) = R cos γτΩ, y1(τ) = R sin γτΩ, z1(τ) = 0,
t2(τ) = γτ, x2(τ) = R cos γτΩ, y2(τ) = R sin γτΩ, z2(τ) = L, (14)
where R is the radius of the circular orbit, Ω is the angular velocity, and γ = 1/
√
1− Ω2R2 is
the Lorentz factor. In the rest frame of the atom, the centripetal acceleration is a = γ2Ω2R.
The correlation functions of electromagnetic fields in the laboratory frame take the form
〈0|Em(x(τ))En(x(τ ′))|0〉 = 1
4pi2
(−∂0∂′0δmn + ∂m∂′n)
× 1
(x− x′)2 + (y − y′)2 + (z − z′)2 − (t− t′ − iε)2 . (15)
In the following calculations, we need the correlation functions in the proper reference frame
of the rotating atoms, which can be obtained with a Lorentz transformation. The explicit
results and the procedures for how they are derived are given in Appendix A in detail. Now,
we consider the ultrarelativistic limit, i.e., v → 1, since a closed-form computation of the
Fourier transformation of the correlation functions (A7)-(A16) seems not possible for the
generic case. The explicit expressions of the field correlation functions in the ultrarelativistic
limit are also given in Appendix A since they are rather lengthy, see Eqs. (A17)-(A26).
In this paper, we assume that the magnitudes of the electric dipoles of the atoms are
the same, d(1) = d(2) = d, but the orientations may be different. The coefficients of the
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dissipator in the master equation (6) can then be calculated according to Eqs. (10)-(12),
C
(11)
ij = A1δij − iB1ijkδ3k − A1δ3iδ3j, (16)
C
(22)
ij = A2δij − iB2ijkδ3k − A2δ3iδ3j, (17)
C
(12)
ij = A3δij − iB3ijkδ3k − A3δ3iδ3j, (18)
C
(21)
ij = A4δij − iB4ijkδ3k − A4δ3iδ3j, (19)
where we have defined A1 = A
(11), A2 = A
(22), A3 = A
(12), A4 = A
(21), and we have defined
B1, B2, B3, and B4 similarly for brevity.
To investigate the dynamics of the two-atom system, we work in the coupled basis {|G〉 =
|00〉, |A〉 = 1√
2
(|10〉 − |01〉), |S〉 = 1√
2
(|10〉 + |01〉), |E〉 = |11〉}, and then a set of equations
which are decoupled from other matrix elements can be derived [39], see Eqs. (B1)-(B6) in
Appendix B.
We characterize the degree of entanglement by concurrence [40], which ranges from 0 (for
separable states) to 1 for (maximally entangled states). For the X states, the concurrence
takes the form [13]
C[ρ(τ)] = max{0, K1(τ), K2(τ)}, (20)
where
K1(τ) =
√
[ρAA(τ)− ρSS(τ)]2 − [ρAS(τ)− ρSA(τ)]2 − 2
√
ρGG(τ)ρEE(τ), (21)
K2(τ) = 2|ρGE(τ)| −
√
[ρAA(τ) + ρSS(τ)]2 − [ρAS(τ) + ρSA(τ)]2. (22)
Now we begin our study of the entanglement dynamics for circularly accelerated atoms.
In particular, we investigate the phenomena of entanglement degradation, generation, revival
and enhancement.
1. Entanglement degradation
First, we consider the entanglement degradation of two-atom systems initially prepared in
two kinds of maximally entangled states, i.e., the symmetric state |S〉 and the antisymmetric
state |A〉.
When the separation between the two atoms L is very large (L→∞), it can be directly
obtained from Eqs. (A17)-(A26) that in this limit, G
(12)
ij = G
(21)
ij = 0, and thus A3, A4, B3,
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FIG. 1. Comparison between the dynamics of concurrence for circularly accelerated atoms (blue
lines), uniformly accelerated atoms (orange lines), and static ones in a thermal bath (black lines)
initially prepared in |S〉 (left) and |A〉 (right), with ωL = 1. Both of the atoms are polarizable
along the z axis. The dashed, solid, and dot-dashed lines correspond to a/ω = 1/4, a/ω = 1, and
a/ω = 2, respectively.
and B4 tend to zero. Therefore, the evolution of the populations ρAA (B3) and ρSS (B4)
are the same, and there is no difference in the entanglement dynamics whether the initial
state is |A〉 or |S〉, which agrees with the linear accelerated case [25, 26]. For intermediate
separations comparable with the transition wavelength (L ∼ ω−1), we solve Eqs. (B1)-(B6)
numerically since the analytical solutions are complicated. In Figs. 1 and 2, we show that,
compared with the results of uniformly accelerated atoms and static ones immersed in a
thermal bath at the Unruh temperature TU = a/2pi, the decay rate of the concurrence of
circularly accelerated atoms is faster than those of the accelerated ones and statics ones
in a thermal bath, no matter whether the initial state is |A〉 or |S〉. Then, we rotate the
polarizations of the atoms and find that the decay rates of the concurrence for circularly
and uniformly accelerated atoms polarizable along the ϕ-axis (Fig. 2) are larger than those
polarizable along the z-axis (Fig. 1). When the atoms are polarizable along other directions,
the results are essentially the same so they are not shown here. 1
1 As the results of the circular accelerated case and those of the uniformly accelerated and the thermal cases
are given in different coordinates, we compare the ρ polarization in the circular accelerated case with the
x polarization in the uniformly accelerated case, both of which are the directions of acceleration, and the
ϕ polarization with the y polarization, both of which are vertical to the plane defined by acceleration and
the atomic separation.
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FIG. 2. Comparison between the dynamics of concurrence for circularly accelerated atoms (blue
lines), uniformly accelerated atoms (orange lines), and static ones in a thermal bath (black lines)
initially prepared in |S〉 (left) and |A〉 (right), with ωL = 1. Both of the two atoms are polarizable
along the ϕ axis. The dashed, solid, and dot-dashed lines correspond to a/ω = 1/4, a/ω = 1, and
a/ω = 2, respectively.
2. Entanglement generation
Now, we investigate the entanglement dynamics for two-atom system with the initial
state |E〉, i.e., both of the atoms are initially in the excited state.
As shown in Fig. 3, entanglement generation shows a delayed feature, which is known as
the delayed sudden birth of entanglement [16]. It is obvious that the lifetime of entangle-
ment of the two-atom system decreases as acceleration increases. We observe from Fig. 3
that entanglement generation depends crucially on the atomic polarization. For circularly
accelerated atoms polarizable along the z axis, entanglement generation does not happen
when the acceleration is either too small (a/ω = 1/5) or too large (a/ω = 6/5), while they
can get entangled if they are polarizable along the ϕ axis. A comparison between the uni-
formly accelerated case and the thermal case shows that when the acceleration increases to
a/ω = 6/5, entanglement generation does not happen for z axis polarizable circularly and
uniformly accelerated atoms, while the static ones in a thermal bath can still get entangled.
In Fig. 4, we study the effects of atomic separation L on the maximum of entanglement
generated during the evolution. The numerical results show that there always exist a mini-
mum and a maximum interatomic separation within which the atoms can be entangled for
the circularly accelerated atoms, which agrees with the uniformly accelerated case [25, 26].
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FIG. 3. Comparison between the dynamics of concurrence for circularly accelerated atoms (orange
lines), uniformly accelerated atoms (blue lines) and static ones in a thermal bath (black lines)
initially prepared in |E〉, with ωL = 1/2. Both atoms are polarizable along the z-axis (left) or
ϕ-axis (right). The dashed, solid, and dot-dashed lines correspond to a/ω = 1/5, a/ω = 1/2, and
a/ω = 6/5, respectively.
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FIG. 4. Comparison between the maximum of concurrence during evolution for circularly accel-
erated atoms (blue lines), uniformly accelerated atoms (orange lines) and static ones in a thermal
bath (black lines) initially prepared in |E〉 with a/ω = 2/3. The polarizations of the atoms are zz
(left), ϕϕ (middle), and ρz (right) respectively.
The maximal entanglement during the evolution increases with the separation L first and
then reaches its maximum and decreases to zero. When the polarizations of the two atoms
are the same, the maximal entanglement for the circularly accelerated atoms is almost the
same as those of the uniformly accelerated case and the thermal case, while the range of L
within which entanglement generation happens is smaller (Fig. 4, left and middle). When
the polarizations of the two atoms are different, the maximal entanglement for circularly
accelerated atoms is much smaller compared to that of the uniformly accelerated atoms (Fig.
4, right).
9
0.2 0.4 0.6 0.8 1.0 1.2 1.4
a/ω
0.005
0.010
0.015
0.020
0.025
C[ρ]max
0.2 0.4 0.6 0.8 1.0 1.2 1.4
a/ω
0.005
0.010
0.015
0.020
0.025
C[ρ]max
0.0 0.2 0.4 0.6 0.8 1.0 1.2
a/ω0.000
0.001
0.002
0.003
0.004
C[ρ]max
FIG. 5. Comparison between the maximum of concurrence during evolution for circularly accel-
erated atoms (blue lines), uniformly accelerated atoms (orange lines) and static ones in a thermal
bath (black lines) initially prepared in |E〉 with ωL = 1/2. The polarizations of the atoms are zz
(left), ϕϕ (middle), and ρz (right) respectively.
In Fig. 5, we study the effects of acceleration a on the maximum of entanglement gen-
erated during the evolution. Similar to the uniformly accelerated case [25, 26], the relation
between the maximum of the concurrence and acceleration for circularly accelerated atoms
is not a monotonically decreasing function as in the thermal case. Also, it is worth to note
that, when one of the atoms is polarizable along the direction of the centripetal acceleration
and the other is polarizable along the atomic separation, entanglement can be generated for
both circularly and uniformly accelerated atoms, but it cannot happen for static atoms in a
thermal bath if the two atoms are polarizable along different directions.
3. Entanglement revival and enhancement
In Figs. 6 and 7, we investigate the entanglement revival and enhancement for atoms
initially prepared in the following states,
|ψ〉 = √p|A〉+
√
1− p|S〉 (0 < p < 1, p 6= 1/2), (23)
which are entangled states. When both atoms are polarizable along the z axis (Fig. 6),
for p = 1/4, the concurrence of the two-atom system first deceases and then revives for a
finite period of time. The decay rate of entanglement for circularly accelerated atoms is
larger, while the revival rate is smaller, compared with those of uniformly accelerated atoms
as well as static ones immersed in a thermal bath. For p = 3/4, the initial entanglement
can be enhanced during evolution. Compared with the uniformly accelerated case and the
thermal case, the enhancement rate of entanglement and the maximum entanglement during
10
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FIG. 6. Comparison between the dynamics of concurrence for circularly accelerated atoms (blue
lines), uniformly accelerated atoms (orange lines), and static ones in a thermal bath (black lines)
initially prepared in 12 |A〉 +
√
3
2 |S〉 (left) and
√
3
2 |A〉 + 12 |S〉 (right), with a/ω = 1/2 and ωL = 1.
Both atoms are polarizable along the z axis.
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FIG. 7. Comparison between the dynamics of concurrence for circularly accelerated atoms (blue
lines), uniformly accelerated atoms (orange lines), and static ones in a thermal bath (black lines)
initially prepared in 12 |A〉 +
√
3
2 |S〉 (left) and
√
3
2 |A〉 + 12 |S〉 (right), with a/ω = 1/2 and ωL = 1.
Both atoms are polarizable along the ϕ axis.
evolution for circularly accelerated atoms are smaller. When the atoms are polarizable
along the tangential direction ϕ, the results are shown in Fig. 7. For p = 1/4, the revival
of entanglement is apparently delayed for circularly accelerated atoms. When p = 3/4,
entanglement enhancement does not happen for circularly accelerated atoms, in contrast to
the uniformly accelerated case and the thermal case.
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IV. CONCLUSION
To summarize, in this paper, we have investigated the entanglement dynamics of two
circularly accelerated two-level atoms coupled with a bath of fluctuating electromagnetic
fields in the Minkowski vacuum in the framework of open quantum systems. For atoms
initially in an entangled state, entanglement death within a finite period of time is a general
feature for circularly accelerated atoms. The decay rate of entanglement is dependent on
the initial state, acceleration, atomic separation, and polarization directions of the atoms.
For atoms initially in a separable state |E〉, entanglement can be generated if the values
of acceleration and atomic separation are appropriately assigned. The atomic polarization
directions play an important role in both the lifetime of entanglement and the maximal
entanglement generated during evolution. When the atoms are initially prepared in |A〉
and |S〉, the phenomena of entanglement revival and enhancement depend crucially on the
atomic polarizations. Compared with the uniformly accelerated case and the thermal case,
the decay rate of entanglement for circularly accelerated atoms is larger, while the revival
and enhancement rates are smaller,
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Appendix A: Derivation of the two-point functions in the comoving frame of the
rotating atoms
The electromagnetic-field strength Ei is the i0 component of the electromagnetic tensor
Fµν defined with the vector potential Aµ as Fµν = ∂µAν − ∂νAµ. In matrix form, the
electromagnetic tensor Fµν can be explicitly written as
Fµν =

0 −E1 −E2 −E3
E1 0 B3 −B2
E2 −B3 0 B1
E3 B2 −B1 0
 . (A1)
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After a Lorentz transformation, the electromagnetic tensor in the comoving frame of the
rotating atom F ′µν takes the form
F ′ικ = Λ
µ
ι Λ
ν
κFµν , (A2)
where Fµν is the electromagnetic tensor in the laboratory frame, and Λ
µ
ι is the boost matrix
Λµι =

γ −γβnx −γβny 0
−γβnx 1 + (γ − 1)n2x (γ − 1)nxny 0
−γβny (γ − 1)nynx 1 + (γ − 1)n2y 0
0 0 0 1
 . (A3)
Here nx = vx/v = − sin(Ωγτ), ny = vy/v = cos(Ωγτ) are the unit vector of the velocity, γ =
1/
√
1− β2 is the Lorentz factor, and in the natural units β = v. The Lorentz transformation
in an arbitrary direction can be found, e.g., in Ref. [41].
Then we transform from the Cartesian coordinate to the cylindrical coordinate. The
electric field E ′′i (i = ρ, ϕ, z) in the frame of the atom expressed in the cylindrical coordinate
can be written as E ′′i = S
j
iE
′
j, where
Sji =

cos(Ωγτ) − sin(Ωγτ) 0
sin(Ωγτ) cos(Ωγτ) 0
0 0 1
 (A4)
is the rotation matrix, and E ′i (i = x, y, z) is the electric field in the Cartesian coordinate.
Therefore, one obtains
〈0|E ′′i (x(τ))E ′′k (x(τ ′))|0〉 = 〈0|Sji (τ)E ′j(x(τ))Smk (τ ′)E ′m(x(τ ′))|0〉
= 〈0|Sji (τ)Λµj (τ)Λν0(τ)Fµν(x(τ))Smk (τ ′)Λαm(τ ′)Λ0(τ ′)Fα(x(τ ′))|0〉. (A5)
That is, the electric-field two-point functions in the frame of the rotating atoms can be
related to the two-point function for the vector potential 〈0|Aµ(x(τ))Aν(x(τ ′))|0〉 in the
laboratory frame, the explicit form of which is
〈0|Aµ(x(τ))Aν(x(τ ′))|0〉 = 1
4pi2
ηµν
(x− x′)2 + (y − y′)2 + (z − z′)2 − (t− t′ − iε)2 , (A6)
where ηµν = diag(−1,+1,+1,+1). Finally, we obtain the two-point functions in the co-
moving frame of the rotating atoms G
(αβ)
ij = 〈0|Ei(τ,xα)Ej(τ ′,xβ)|0〉, (i, j = ρ, ϕ, z, and
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α, β = 1, 2) as
G(11)zz = G
(22)
zz
=
γ2{2R2 + γ2u2 + 2R4Ω2 +R2[(−2− 2R2Ω2 + γ2u2Ω2) cosh− 4h sinh]}
pi2(−2R2 + γ2u2 + 2R2 cosh)3 , (A7)
G(12)zz = G
(21)
zz
=
γ2{L2 − 2R2 − γ2u2 − 2R4Ω2 +R2[2− (L2 − 2R2 + γ2u2)Ω2] cosh+ 4hR2 sinh}
pi2(L2 + 2R2 − γ2u2 − 2R2 cosh)3 ,(A8)
G(11)ρρ = G
(22)
ρρ
=
γ2{[u2γ2 − 2(R2 +R4Ω2)] cosh+R2[2 + (2R2 + u2γ2)Ω2 − 4h sinh]}
pi2(−2R2 + u2γ2 + 2R2 cosh)3 , (A9)
G(12)ρρ = G
(21)
ρρ
=
γ2{[−L2 − u2γ2 + 2(R2 +R4Ω2)] cosh+R2[−2 + (L2 − 2R2 − u2γ2)Ω2 + 4h sinh]}
pi2(L2 + 2R2 − u2γ2 − 2R2 cosh)3 ,
(A10)
G(12)ρz = −G(12)zρ = −G(21)ρz = G(21)zρ =
4LRγ2 sin h
2
[h cos h
2
− (1 +R2Ω2) sin h
2
]
pi2(L2 + 2R2 − u2γ2 − 2R2 cosh)3 , (A11)
G(11)ϕϕ = G
(22)
ϕϕ =
−2R2 + (2R2 + u2γ2) cosh
pi2(−2R2 + u2γ2 + 2R2 cosh)3 , (A12)
G(12)ϕϕ = G
(21)
ϕϕ =
−2R2 + (L2 + 2R2 + u2γ2) cosh
pi2(−L2 − 2R2 + u2γ2 + 2R2 cosh)3 , (A13)
G(11)ρϕ = G
(22)
ρϕ = −G(11)ϕρ = −G(22)ϕρ =
uγ2[2R2Ω(−1 + cosh) + uγ sinh]
pi2(−2R2 + u2γ2 + 2R2 cosh)3 , (A14)
G(12)ρϕ = −G(12)ϕρ = G(21)ρϕ = −G(21)ϕρ =
−2γR2h(−1 + cosh)− γ(L2 + u2γ2) sinh
pi2(L2 + 2R2 − u2γ2 − 2R2 cosh)3 , (A15)
G(12)zϕ = G
(12)
ϕz = −G(21)zϕ = −G(21)ϕz =
2LRγ(h cosh− sinh)
pi2(L2 + 2R2 − u2γ2 − 2R2 cosh)3 , (A16)
where we have defined u = τ − τ ′, and h = uγΩ for brevity.
For circularly accelerated atoms, the radius R and the angular velocity Ω can be expressed
with the velocity v and acceleration a as R = γ2v2/a, and Ω = v/R = a/γ2v. Plugging
the above two equations and the Lorentz factor γ = 1/
√
1− v2 into Eqs. (A7)-(A16), and
taking the ultrarelativistic limit v → 1, the field correlation functions become
G(11)zz = G
(22)
zz =
24(72 + 6a2u2 + a4u4)
pi2u4(12 + a2u2)3
, (A17)
G(12)zz = G
(21)
zz =
24[−36L2(2 + a2u2) + u2(72 + 6a2u2 + a4u4)]
pi2(−12L2 + 12u2 + a2u4)3 , (A18)
G(11)ρρ = G
(22)
ρρ =
24(72− 30a2u2 + a4u4)
pi2u4(12 + a2u2)3
, (A19)
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G(12)ρρ = G
(21)
ρρ =
24[−36L2(−2 + a2u2) + u2(72− 30a2u2 + a4u4)]
pi2(−12L2 + 12u2 + a2u4)3 , (A20)
G(12)ρz = −G(12)zρ = −G(21)ρz = G(21)zρ =
288aLu2(−6 + a2u2)
pi2(−12L2 + 12u2 + a2u4)3 , (A21)
G(11)ϕϕ = G
(22)
ϕϕ =
144(12− 5a2u2)
pi2u4(12 + a2u2)3
, (A22)
G(12)ϕϕ = G
(21)
ϕϕ =
144(12L2 + 12u2 − 5a2u4)
pi2(−12L2 + 12u2 + a2u4)3 , (A23)
G(11)ρϕ = G
(22)
ρϕ = −G(11)ϕρ = −G(22)ϕρ =
144a(−12 + a2u2)
pi2u3(12 + a2u2)3
, (A24)
G(12)ρϕ = −G(12)ϕρ = G(21)ρϕ = −G(21)ϕρ =
144au(12L2 + 12u2 − a2u4)
pi2(−12L2 + 12u2 + a2u4)3 , (A25)
G(12)zϕ = G
(12)
ϕz = −G(21)zϕ = −G(21)ϕz =
1152La2u3
pi2(−12L2 + 12u2 + a2u4)3 , (A26)
where u = τ − τ ′.
Appendix B: Master equation in the coupled basis
To investigate the dynamics of the two-atom system, we work in the coupled basis {|G〉 =
|00〉, |A〉 = 1√
2
(|10〉 − |01〉), |S〉 = 1√
2
(|10〉 + |01〉), |E〉 = |11〉}, and then a set of equations
which are decoupled from other matrix elements can be derived from Eq. (6) as [39]
ρ˙GG = −2(A1 + A2 −B1 −B2)ρGG + (A1 + A2 − A3 − A4 +B1 +B2 −B3 −B4)ρAA
+(A1 + A2 + A3 + A4 +B1 +B2 +B3 +B4)ρSS + (A1 − A2 − A3 + A4 +B1
−B2 −B3 +B4)ρAS + (A1 − A2 + A3 − A4 +B1 −B2 +B3 −B4)ρSA, (B1)
ρ˙EE = −2(A1 + A2 +B1 +B2)ρEE + (A1 + A2 − A3 − A4 −B1 −B2 +B3 +B4)ρAA
+(A1 + A2 + A3 + A4 −B1 −B2 −B3 −B4)ρSS + (−A1 + A2 + A3 − A4 +B1
−B2 −B3 +B4)ρAS + (−A1 + A2 − A3 + A4 +B1 −B2 +B3 −B4)ρSA, (B2)
ρ˙AA = −2(A1 + A2 − A3 − A4)ρAA + (A1 + A2 − A3 − A4 −B1 −B2 +B3 +B4)ρGG
+(A1 + A2 − A3 − A4 +B1 +B2 −B3 −B4)ρEE + (−B1 +B2 +B3 −B4)ρAS
+(−B1 +B2 −B3 +B4)ρSA, (B3)
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ρ˙SS = −2(A1 + A2 + A3 + A4)ρSS + (A1 + A2 + A3 + A4 −B1 −B2 −B3 −B4)ρGG
+(A1 + A2 + A3 + A4 +B1 +B2 +B3 +B4)ρEE + (−B1 +B2 +B3 −B4)ρAS
+(−B1 +B2 −B3 +B4)ρSA, (B4)
ρ˙AS = (A1 − A2 − A3 + A4 −B1 +B2 +B3 −B4)ρGG + (−A1 + A2 + A3 − A4 −B1
+B2 +B3 −B4)ρEE + (−B1 +B2 −B3 +B4)(ρAA + ρSS)− 2(A1 + A2)ρAS, (B5)
ρ˙SA = (A1 − A2 + A3 − A4 −B1 +B2 −B3 +B4)ρGG + (−A1 + A2 − A3 + A4 −B1
+B2 −B3 +B4)ρEE + (−B1 +B2 +B3 −B4)(ρAA + ρSS)− 2(A1 + A2)ρSA,
ρ˙GE = −2(A1 + A2)ρGE, ρ˙EG = −2(A1 + A2)ρEG, (B6)
where ρIJ = 〈I|ρ|J〉, I, J ∈ {G,E,A, S}.
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